Nemaline myopathy (NM) is a congenital myopathy with an estimated incidence of 1:50,000 live births. It is caused by mutations in thin filament components, including nebulin, which accounts for about 50% of the cases. The identification of NM cases with nonsense mutations resulting in loss of the extreme C-terminal SH3 domain of nebulin suggests an important role of the nebulin SH3 domain, which is further supported by the recent demonstration of its role in IGF-1-induced sarcomeric actin filament formation through targeting of N-WASP to the Z-line. To provide further insights into the functional significance of the nebulin SH3 domain in the Z-disk and to understand the mechanisms by which truncations of nebulin lead to NM, we took two approaches: (1) an affinity-based proteomic screening to identify novel interaction partners of the nebulin SH3 domain; and (2) generation and characterization of a novel knockin mouse model with a premature stop codon in the nebulin gene, eliminating its C-terminal SH3 domain (NebDSH3 mouse). Surprisingly, detailed analyses of NebDSH3 mice revealed no structural or histological skeletal muscle abnormalities and no changes in gene expression or localization of interaction partners of the nebulin SH3 domain, including myopalladin, palladin, zyxin and N-WASP. Also, no significant effect on peak isometric stress production, passive tensile stress or Young's modulus was found. However, NebDSH3 muscle displayed a slightly altered force-frequency relationship and was significantly more susceptible to eccentric contraction-induced injury, suggesting that the nebulin SH3 domain protects against eccentric contraction-induced injury and possibly plays a role in finetuning the excitation-contraction coupling mechanism.
Introduction
Nemaline myopathy (NM) is a slowly progressive or nonprogressive congenital myopathy characterized by muscle weakness and hypotonia as well as the presence of rod-shaped structures called nemaline bodies in affected muscle fibers. The disease is the most common of the non-dystrophic congenital myopathies and affects roughly 1 in 50,000 live births (North et al., 1997) . NM is both clinically and genetically heterogeneous and, so far, mutations in seven different genes, most encoding components of the thin filament, have been shown to be causative for NM, with mutations in the nebulin gene accounting for about 50% of the cases (Lehtokari et al., 2006; Pelin et al., 1999; Wallgren-Pettersson et al., 2002; Wallgren-Pettersson et al., 2011) .
Nebulin is a giant sarcomeric protein (500-900 kDa) that binds along the thin filament in skeletal muscle with its C-terminus anchored in the Z-line at the actin barbed end and its N-terminus oriented towards the actin pointed end (Castillo et al., 2009; Millevoi et al., 1998; Wang and Wright, 1988) . The majority of the protein is composed of repeating modules, which interact with thin filament components along the length of the thin filament, whereas its N-and C-terminal regions contain unique sequences that bind to proteins at the actin filament pointed end and the Z-line, respectively. Based on in vivo and in vitro studies, nebulin has recently been implicated in various important processes, including stabilization of thin filaments (Bang et al., 2006; Castillo et al., 2009; Gokhin and Fowler, 2013; Littlefield and Fowler, 2008; Pappas et al., 2010; Witt et al., 2006) , myofibrillar force generation (Bang et al., 2006; Gokhin et al., 2009; Ochala et al., 2011; Ottenheijm et al., 2010; Ottenheijm et al., 2009) , regulation of the actomyosin interaction Castillo et al., 2009; Ochala et al., 2011; Ottenheijm et al., 2011) , sarcoplasmic Ca 2+ handling (Ottenheijm et al., 2008; Witt et al., 2006) , maintenance of sarcomeric integrity during muscle contraction (Bang et al., 2006) , as well as Z-line alignment, width and integrity (Bang et al., 2006; Pappas et al., 2010; Tonino et al., 2010; Witt et al., 2006) . However, although recent studies have provided new insights into the role of nebulin in skeletal muscle, its function in the Z-line remains poorly understood.
The Z-line is a multiprotein complex, which defines the boundaries between sarcomeres and plays a pivotal role in skeletal muscle structure and function, including sarcomere assembly and organization, muscle force generation and transmission, mechanosensing, signaling and sarcolemmal membrane integrity (reviewed by Frank et al., 2006; Luther, 2009; Sheikh et al., 2007) . Within the Z-line, nebulin C-terminal modules interact with the intermediate filament desmin Tonino et al., 2010) as well as the actin barbed-end capping protein CapZ (Pappas et al., 2008) . Furthermore, the extreme C-terminal end of nebulin contains a serine-rich region with several predicted phosphorylation sites preceding an Src homology 3 (SH3) domain. SH3 domains are composed of ,60 amino acid residues arranged into two tightly packed anti-parallel b-sheets, forming a b-barrel (Musacchio et al., 1992) . SH3 domains are present in numerous intracellular or membraneassociated proteins and are involved in a variety of cellular processes, including transduction of biochemical signals, assembly of multiprotein complexes and formation of cytoskeletal linkages. SH3 domains generally bind to proline-rich sequences capable of forming a polyproline II helix conformation with the minimal consensus site PxxP (Mayer, 2001; Musacchio et al., 1992) . However, recently the ability of SH3 domains to bind to unconventional sites rich in positively charged residues (for example [R/K]xx[K/R]) has been reported (Jia et al., 2005) , complicating SH3 target prediction. The SH3 domain of nebulin is highly conserved between species and has been studied in detail by nuclear magnetic resonance (NMR) spectroscopy (Politou et al., 1998; Politou et al., 2002) . We previously demonstrated the binding of the nebulin SH3 domain to the striated muscle-specific protein myopalladin and its ubiquitously expressed homologue palladin, which are both linked to a-actinin in the Z-line and play important roles in the organization of the actin cytoskeleton (Bang et al., 2001; Goicoechea et al., 2008; Ma and Wang, 2002) . In addition, the nebulin SH3 domain can bind to zyxin (Li et al., 2004) , a component of focal adhesions associated with a-actinin (Crawford et al., 1992) as well as Ena/VASP and cysteine-rich protein (CSRP) family members, involved in actin cytoskeletal organization (Louis et al., 1997; Reinhard et al., 1995) . The nebulin SH3 domain has also been shown to bind to two different regions of titin, a giant sarcomeric protein (,3.7 MDa) that functions as a template for the assembly and organization of sarcomeric components and serves as a molecular spring, responsible for myofibrillar passive stiffness and maintenance of structural integrity (reviewed by Kontrogianni-Konstantopoulos et al., 2009) . One SH3-binding site is located in a proline-rich region within the Zis1 region of titin corresponding to the localization of the nebulin SH3 domain in the Z-line Witt et al., 2006) . Furthermore, additional binding sites are present within the I-band region of titin in the PEVK region, which contains multiple tandemly arranged copies of polyproline sequences with affinity for the nebulin SH3 domain (Ma et al., 2006; Ma and Wang, 2002) . As the titin PEVK region is located in the I-band, distant from the nebulin SH3 domain in the Z-line, the physiological significance of this interaction is unclear, particularly because SH3 domains can nonspecifically bind to proline-rich sequences. Therefore, a potential physiological interaction would have to be transitional and potentially occur during myofibrillogenesis, the significance of which would be unclear since nebulin is dispensable for myofibrillogenesis (Bang et al., 2006; Witt et al., 2006) . Intriguingly, Takano et al., recently demonstrated that the nebulin SH3 domain can bind and recruit neuronal WiscottAldrich syndrome protein (N-WASP) to the Z-line upon insulinlike growth factor 1 (IGF-1)-induced phosphoinositide 3-kinase (PI3K)-Akt activation, inhibiting glycogen synthase kinase 3b (GSK3b), which prevents the interaction by phosphorylating nebulin at two serine sites within its serine-rich region (Takano et al., 2010) . Through this mechanism, N-WASP was shown to cooperate with nebulin in promoting actin nucleation and elongation independently of ARP2/3 through which N-WASP is known to stimulate actin nucleation in nonmuscle cells (Rohatgi et al., 1999) . The relevance of this mechanism in vivo was demonstrated by in vivo knockdown of N-WASP, which prevented IGF-1-induced incorporation of actin into the sarcomere and resulted in a reduced muscle cross-sectional area (CSA) independent of IGF-1 (Takano et al., 2010) . Based on these results, the authors proposed that the IGF-1-Akt signaling pathway stimulates myofibrillogenesis and muscle hypertrophy through this novel pathway.
In addition to these studies indicating an important role of the nebulin SH3 domain in skeletal muscle, the functional importance of the nebulin C-terminal region is illustrated by the identification of NM-causing nebulin mutations, resulting in truncations of nebulin (Gurgel-Giannetti et al., 2002; Pelin et al., 1999) . Therefore, to dissect the functional role of the nebulin Cterminal SH3 domain in the Z-disk and provide insights into the mechanisms by which truncations of nebulin lead to human NM, we took two approaches: (1) an affinity-based proteomic study to identify novel direct and indirect binding partners of the nebulin SH3 domain; and (2) characterization of a novel nebulin knockin mouse model with a premature stop codon, resulting in deletion of its C-terminal SH3 domain (NebDSH3 mouse). Surprisingly, NebDSH3 mice exhibited no histological or structural skeletal muscle abnormalities and no significant effects on peak isometric stress production, passive tensile stress, or Young's modulus were found. However, NebDSH3 muscle exhibited a slight depression in maximum stress production at lower frequencies and was more vulnerable to eccentric contraction-induced injury, suggesting that the nebulin SH3 domain plays a role in protecting the muscle against eccentric contraction-induced injury and possibly in modulating the calcium sensitivity of the contractile apparatus.
Results

Identification of nebulin-SH3-domain-binding proteins using a proteomic approach
In a search for interaction partners of the nebulin SH3 domain using the yeast two-hybrid system, we previously identified a novel protein, myopalladin (Bang et al., 2001 ). However, since the nebulin SH3 domain was partly autoactivating as bait, giving rise to a large amount of false positives, which complicated the identification of real interaction partners, this approach was not optimal. Therefore, we applied a proteomic approach based on the pulldown of proteins associated with the nebulin SH3 domain, followed by liquid chromatography tandem mass spectrometry (LC-MS/MS) analysis. As illustrated in supplementary material Fig. S1A , 66His-glutamine-S-transferase-3C-protease recognition site (H6-GST-3C)-tagged nebulin SH3 domain was purified on a nickel column and incubated with the lysate of differentiated C2C12 myoblasts, which had been pre-cleared by incubation with the H6-GST-3C tag. The protein mixture was immobilized on a nickel column, and after extensive washing, bound proteins were eluted and subsequently identified by excision of polypeptide bands from an SDS-PAGE gel (supplementary material Fig. S1B ), followed by in-gel trypsin digestion and LC-MS/MS analysis (Table 1) . A pulldown using the H6-GST-3C tag alone was performed in parallel to allow for exclusion of proteins unspecifically bound to the H6-GST-3C tag or the nickel column (supplementary material Fig. 1B) . Many of the identified proteins were Z-line proteins, including myopalladin and zyxin, which are already known interaction partners of the nebulin SH3 domain, thus validating the approach (Bang et al., 2001; Li et al., 2004) .
Search for potential nebulin SH3 consensus sites and test of potential direct interactions
To determine whether any of the identified proteins are direct interaction partners of the nebulin SH3 domain, the online program SH3 Hunter was used to search for potential consensus sites for the nebulin SH3 domain in the identified proteins using both the default and the PxxP peptide filter (Table 1) . Based on these results, potential interactions between the nebulin SH3 domain and either full-length or predicted SH3-binding regions of selected candidate proteins were tested in the yeast two-hybrid system by cloning the potential interaction partners in the bait vector and the nebulin SH3 domain in the prey vector, thereby avoiding the issue with autoactivation of the nebulin SH3 domain when used as bait. Interaction with full-length or selected regions of the following proteins containing predicted SH3-binding sites were tested: AHNAK/desmoyokin, gelsolin, junction plakoglobin, desmin and cysteine rich protein 2 (CRIP2) as well as myopalladin as a positive control. However, while the interaction with myopalladin was confirmed, none of the tested proteins appeared to directly bind to nebulin ( Table 1) . As non-conventional SH3-binding peptides rich in R/K have been identified (Jia et al., 2005) , we also tested the ability of a repetitive KxPK-motif-containing sequence in AHNAK to bind to the nebulin SH3 domain, but also this failed to bind to the nebulin SH3 domain. Thus, the identified proteins are likely to be indirectly bound to nebulin.
Generation of a protein association network between identified proteins
To test whether the identified proteins may be indirectly associated with the nebulin SH3 domain, we used STRING 9.05 (Search Tool for the Retrieval of Interacting Genes/Proteins) for the generation of a protein association network (Jensen et al., 2009; Szklarczyk et al., 2011) . Furthermore, we manually included a few additional known interactions, which were not retrieved by STRING, i.e. Zyxin-CSRP1/3 (Louis et al., 1997) and MYPN-filamentous actin (F-actin; our unpublished results). As shown in supplementary material Fig. S2 , more than two thirds of the proteins identified by LC-MS/MS could be connected into a network of proteins that are either directly or indirectly associated with the nebulin SH3 domain through interaction with its known binding partners, myopalladin, palladin and zyxin (Bang et al., 2001; Li et al., 2004) , or their interaction partners, which among others include a-actinin and filamentous-actin (F-actin). Therefore, although actin was not among the identified proteins, F-actin was included in the interaction network. In addition to the proteins that are part of the interaction network, many nuclear proteins with no known link to nebulin or the Z-line were identified, the significance of which is not clear. However, the fact that the majority of the identified proteins are Z-line proteins and can be linked together through known interactions, suggests that most of the identified proteins are true interactors (direct or indirect) of the nebulin SH3 domain.
Generation of a mouse line with a premature stop codon in the last exon (exon 166) of nebulin, resulting in deletion of its SH3 domain
To study the function of the nebulin SH3 domain in the Z-line and understand the mechanism by which truncations of nebulin cause nemaline myopathy, we generated a mouse line in which the nebulin SH3 domain is deleted. Briefly, a targeting construct was generated in which residue I7097 encoded by the last exon of nebulin was replaced by stop codons in all reading frames, preventing the translation of the nebulin SH3 domain, as well as a neomycin (neo) cassette flanked by FLPase Recognition Target (FRT) sites (Fig. 1A) . Targeted embryonic stem (ES) cells were identified by Southern blot analysis (Fig. 1B) and injected into blastocysts from C57/BL6 mice to generate chimeric mice. The resulting heterozygous mutant mice were crossed with FLPase deleter mice to remove the neo gene and subsequently mated to generate homozygous mutant mice (designated NebDSH3), as determined by PCR. The correct targeting of the nebulin gene was confirmed by RT-PCR analysis on total skeletal muscle RNA followed by sequencing (Fig. 1C) as well as by western blot analysis using an antibody against the nebulin SH3 domain (Fig. 1D ). In addition, using antibodies against nebulin modules M160-164 and M161-165, truncated nebulin protein was found to be expressed to the same level in NebDSH3 mice as that of wild-type (WT) nebulin protein in WT littermate controls (Fig. 1D ). To rule out the possibility that upregulation of nebulette, the cardiac-specific homologue of nebulin, might compensate for the absence of the nebulin SH3 domain, we tested its protein expression level, but found no expression of nebulette in skeletal muscle either in the presence or absence of the nebulin SH3 domain (Fig. 1E) .
No histological or ultrastructural changes in NebDSH3 mice
NebDSH3 mice were born in normal Mendelian ratios, were viable and fertile, and had a normal life span. Furthermore, they did not exhibit any gross musculoskeletal defects, such as spine deformity or altered body size (Table 2) , and no obvious abnormalities in grooming, mobility or other behavioral characteristics were observed. Histological analyses of tibialis anterior (TA), extensor digitorum longus (EDL), and soleus muscle from WT and NebDSH3 mice stained with Hematoxylin and Eosin or Picro Sirius Red showed no evidence of centralized nuclei, inflammatory cell infiltration, fibrosis, necrosis, heightened fiber size variability,
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altered fiber density or unusual fiber shape up to 1 year of age (data not shown). Furthermore, SDS-PAGE and densitometry for myosin heavy chain isoforms revealed no statistically significant changes in fiber type distribution ( Fig. 2A-C) , and no significant differences were found in total myosin heavy chain content, indicating that the degree and type of muscle activity is not modified in NebDSH3 muscle. Moreover, fiber cross-sectional areas (CSA) were similar between WT and NebDSH3 mice as determined by analysis of laminin-stained sections using a plugin for ImageJ (Fig. 2D ). Transmission electron microscopy (TEM) studies of EDL and diaphragm muscle from 1-year-old WT and NebDSH3 mice showed normal ultrastructural organization with well-organized sarcomeres and no evidence of Z-line dissolution, streaming or misalignment (Fig. 2E) . Finally, to determine whether the nebulin SH3 domain is involved in regeneration, we studied the recovery of NebDSH3 muscle following injection of cardiotoxin into the TA muscle. As demonstrated in Fig. 2F , no difference in regeneration rate was observed between WT and NebDSH3 muscle. Thus, based on these analyses, we conclude that the nebulin SH3 domain is dispensable for normal myogenesis, fiber type specification and muscle cytoarchitecture.
NebDSH3 mice are more vulnerable to eccentric contraction-induced injury
The architectural properties of the fifth toe EDL muscle, including mass, fiber length and physiological cross sectional area (PCSA) were identical in WT and NebDSH3 muscle at both 2 and 6 months of age ( Table 2 ), indicating that deletion of the nebulin SH3 domain does not affect muscle design. Isometric stress production and passive tensile stress before and after injury induced by cyclic eccentric contractions in the fifth toe EDL were measured in 2-and 6-month-old mice. As shown in Fig. 3A -C, both parameters were identical in WT and NebDSH3 mice prior to eccentric exercise. However, while the decrease in passive load-bearing capacity in response to eccentric exercise was similar in WT and NebDSH3 muscle (Fig. 3B,D,E) , the reduction in isometric stress production was significantly greater in NebDSH3 muscle compared with WT (P,0.01; Fig. 3A ,C,E). Although isometric stress generation decreased with age and passive tensile stress increased with age, the reduction in both parameters in response to eccentric exercise was greater with age. In contrast, the greater decrease in isometric stress generation in NebDSH3 muscle was independent of age ( Fig. 3E) . Taken together, our results show that the nebulin SH3 domain is not involved in determining peak isometric force and passive load bearing in muscle, but that NebDSH3 muscle is more susceptible to eccentric contraction-induced injury than WT muscle, when 'injury' is defined as a reduction in isometric stress production across the eccentric exercise bout.
NebDSH3 mice generate lower stress under isometric conditions at a given frequency Isometric force was measured at different frequencies in the fifth toe EDL from 2-month-old WT and NebDSH3 mice. At the lowest stimulation frequency of 5 Hz, muscle twitches did not fuse into tetanic contractions and identical twitch stresses were produced in WT and NebDSH3 muscle. However, at frequencies of 20-30 Hz when twitches began to fuse into isometric tetani in both WT and NebDSH3 muscle, NebDSH3 muscle exhibited a slight, but statistically significant depression in isometric stress production. At frequencies greater than 30 Hz, isometric stress production was statistically indistinguishable in WT and NebDSH3 muscle (Fig. 3F) . Logistic regression analysis showed that the frequencies required to achieve 25% and 50% of maximum isometric stress were slightly elevated in NebDSH3 muscle, but no difference was observed in the frequency required to achieve 75% of maximum isometric stress (Fig. 3F, inset) . These data indicate that skeletal muscle lacking the nebulin SH3 
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domain exhibits slightly blunted sensitivity to electrical stimulation but only in a narrow range of frequencies.
The nebulin SH3 domain is dispensable for normal passive muscle mechanics
Passive mechanical testing of single fibers isolated from EDL and soleus muscle from 2-month-old WT and NebDSH3 mice showed identical slack sarcomere lengths in both genotypes (Fig. 3G) , and no differences were found in the elastic modulus (Young's modulus) as measured from the slope of the stressstrain curve when fibers were incrementally stretched in 250 mm steps (Fig. 3H ). These observations provide further evidence that the nebulin SH3 domain is dispensable for normal passive muscle mechanics.
NebDSH3 muscle exhibits no significant changes in gene expression
To study the potential effect of the nebulin SH3 domain on signaling leading to changes in gene expression, we performed microarray gene expression profiling on TA muscle from 2-month-old WT and NebDSH3 mice. As shown in supplementary material Table S1 , after adjusting for false discovery rate (Benjamini et al., 2001) , no significant changes in gene expression were observed between WT and NebDSH3 mice, including expression of genes encoding the other SH3-domaincontaining proteins of the nebulin superfamily, LASP1 and nebulette. Thus, the nebulin SH3 domain does not influence gene expression, at least under basal unstressed conditions.
The nebulin SH3 domain does not affect the targeting of myopalladin, palladin, zyxin and N-WASP to the Z-line
To determine the effect of the nebulin SH3 domain on the localization of its interaction partners in the Z-line, we performed immunostainings on longitudinal sections of TA muscle from WT and NebDSH3 mice using antibodies against myopalladin, palladin, zyxin and N-WASP. As seen in Fig. 4A , the localization of these proteins in the Z-line was unaffected by the presence or absence of the nebulin SH3 domain as demonstrated by their colocalization with a-actinin or desmin. Furthermore, the absence of the nebulin SH3 domain did not affect the targeting of myopalladin and N-WASP to the Z-line during muscle regeneration following cardiotoxin-induced injury (Fig. 4B) . Given the recent report demonstrating that N-WASP is targeted to the Z-line through interaction with the nebulin SH3 domain (Takano et al., 2010) , we performed co-immunostainings for N-WASP and a-actinin on longitudinal muscle sections from WT and NebDSH3 mice following 48 hours of starvation, as well as from prefasted mice administered with IGF-1 (0.5 and 2 hours after IGF-1 injection). As shown in Fig. 4C , N-WASP localized to the Z-line independent of starvation, IGF-1 treatment, or the presence or absence of the nebulin SH3 domain. These results
were supported by western blot analyses on cytosolic and Tritoninsoluble cytoskeletal fractions, which showed the presence of myopalladin in the cytoskeletal fraction, whereas N-WASP was NebDSH3 muscle requires higher stimulation frequency to achieve 25% and 50% of maximum isometric stress production (F25, F50). n56 (A-F).
(G,H) Passive mechanical properties of single fibers from TA and soleus muscle from 2-month-old WT (n59) and NebDSH3 (n59) mice. No significant differences in slack sarcomere length (G) or Young's modulus (H) between WT and NebDSH3 fibers. *P,0.05, **P,0.01, ***P,0.001.
predominantly found in the cytosolic fraction at levels that were unaffected by the presence or absence of the nebulin SH3 domain. Likewise, 48 hours of starvation or stimulation of PI3K-Akt signaling by IGF-1 injection of 48 hour prefasted WT or NebDSH3 mice did not affect the levels or distribution of N-WASP between cytosolic and cytoskeletal fractions 2 hours after treatment (Fig. 4D) . Thus, our data do not support a role of the nebulin SH3 domain in the targeting of N-WASP, myopalladin, palladin and zyxin to the Z-line.
Discussion
The aim of the present study was to dissect the functional role of the nebulin C-terminal SH3 domain in skeletal muscle. Using purified nebulin SH3 domain, we performed a pulldown on differentiated C2C12 muscle cells followed by protein identification through LC-MS/MS analysis. Unlike yeast twohybrid screenings, which are limited to the identification of direct protein interactions, this approach allows for the identification of proteins both directly and indirectly connected to nebulin. As expected, the already known interaction partners myopalladin and zyxin were among the identified proteins (Bang et al., 2001; Li et al., 2004) , validating the approach. The remaining identified proteins included Z-line proteins (CSRP1, CSRP3/ MLP, CRIP2, nexilin, a-actinin 1), actin associated proteins (gelsolin, caldesmon, cofilin-1, nexilin, AHNAK/desmoyokin), intermediate filaments (desmin, peripherin, vimentin), desmosomal proteins (desmoplakin, junction plakoglobin), and nucleotide/ribosome-binding proteins (YB-1, HNRNPD, HNRNPA3, EEF1B2, EIF5A, SRSF1, NACA, DDB1, nucleolin). Using the online program SH3 hunter, we identified potential SH3 consensus sites in many of the identified proteins but when tested in the yeast two-hybrid system only myopalladin was confirmed as direct interaction partner of the nebulin SH3 domain. However, our STRING analysis (supplementary material Fig. S2 ) revealed that the majority of the identified proteins are indirectly connected to the nebulin SH3 domain either through direct interaction with its interaction partners myopalladin, palladin, zyxin, titin and N-WASP or indirectly through direct or indirect interaction with their binding partners, which include a-actinin [myopalladin (Bang et al., 2006) , palladin (Bang et al., 2001; Crawford et al., 1992; Rönty et al., 2004) and zyxin (Crawford et al., 1992) ], F-actin [myopalladin (our unpublished data) and palladin (Dixon et al., 2008) ] and CSRP1/3 [zyxin (Louis et al., 1997) ], which are each connected to many additional proteins. Strikingly, neither N-WASP nor any of its known interaction partners were among the identified proteins. Also, titin and palladin were not detected, which in the case of titin could be because of its large size, as separation on a 4-12% gel is not appropriate for its detection. Alternatively, these proteins might not be soluble in the lysis buffer or may have been retained in amounts too low for detection. For the larger identified proteins, such as AHNAK/desmoyokin, gelsolin and junction plakoglobin, in which only regions with predicted SH3-binding sites were tested in the yeast two-hybrid system, it is possible that non-conventional SH3-binding sites may be present in other parts of the proteins. In particular, AHNAK/desmoyokin contains repetitive sequences rich in positively charged residues, which might constitute potential SH3-binding sites (Jia et al., 2005) . Another possibility is that SH3-binding domains may be masked through protein folding or that the binding affinities are too low to show positive binding in the yeast two-hybrid assay. Together, our pulldown approach revealed that the nebulin SH3 domain is part of a multiprotein complex in the Z-line connected to intermediate filaments and actin-organizing proteins as well as nuclear nucleotide-or ribosome-binding proteins and transcription factors. Nonsense mutations in the nebulin gene, resulting in truncation and absence of the nebulin C-terminal SH3 domain have previously been found in patients with a typical form of nemaline myopathy. One case was a 6-year-old girl, who tested negative for the nebulin SH3 epitope by western blot analysis, whereas immunostainings confirmed the presence of nebulin epitopes at the N2 line region, modules M176-181 and the serine-rich region, suggesting the presence of a mutation in the 39 part of the nebulin serine-rich region (Gurgel-Giannetti et al., 2002) . Unfortunately, the causative mutation has not been identified. Another case was a child with a homozygous nonsense mutation in the ninth codon of exon 185, resulting in the loss of the last 134 amino acids, corresponding to the beginning of the nebulin C-terminal serine-rich region (Pelin et al., 1999) . The absence of the nebulin SH3 domain was confirmed by immunohistochemical analysis.
To provide further insights into the role of the nebulin SH3 domain in vivo and the molecular mechanisms leading to nemaline myopathy, we generated a knockin mouse model with a stop codon at the 39 end of the nebulin serine-rich region, resulting in specific deletion of the nebulin SH3 domain. An in vivo site-specific mutagenesis approach was chosen because the large size of nebulin (,800 kDa) precludes the expression of full-length nebulin in current in vivo and in vitro expression systems. Furthermore, the knockin technology is the most reliable method for studying the effect of mutations without affecting gene expression and the surrounding genomic region. The correct targeting of the nebulin gene was confirmed by RT-PCR, sequencing and western blot analyses. Truncated and WT nebulin was expressed at similar levels and no compensation through upregulation of other members of the nebulin superfamily was found. Surprisingly, NebDSH3 mice exhibited no histological and ultrastructural abnormalities at any developmental stage, and genome-wide expression analysis did not reveal any significant differences between NebDSH3 and WT muscle (see supplementary material Table S1 ). Furthermore, peak isometric stress generation and passive mechanical properties were comparable between NebDSH3 and WT mice, suggesting that the nebulin SH3 domain is not directly involved in force generation or that connections between other Z-line components compensate for its absence. However, the greater reduction in isometric force production in NebDSH3 muscle in response to cyclic eccentric contractions compared to that of WT muscle, suggests that the nebulin SH3 domain plays a role in protecting the muscle from injury, perhaps by distributing the stress more effectively across the Z-disk. During eccentric contractions, muscles are forced to withstand loads substantially greater than those that they can actively create, and eccentric loads can exceed the mechanical tolerance threshold of skeletal muscle and, thus, produce tissue damage. Certain Z-line proteins, and in particular mechanotransducers (Knöll et al., 2002) , may act as molecular scaffolds that stabilize the sarcomere during eccentric contractions. The observation that NebDSH3 muscle is unusually vulnerable to eccentric contraction-induced injury indicates that the nebulin SH3 domain may have a scaffolding role, consistent with previous observations that the nebulin C-terminus is involved in defining the internal structure of the Z-disk (Pappas et al., 2008; Tonino et al., 2010) . A role of nebulin in preventing damage to the sarcomere is also supported by our previous studies of nebulin knockout mice, which exhibited progressive myofibrilar disorganization during muscle use (Bang et al., 2006) . The absence of histological and ultrastructural abnormalities in NebDSH3 mice despite their heightened vulnerability to muscle injury could be explained by the fact that laboratory mice are sedentary and unlikely to be exposed to biomechanically challenging events, such as the eccentric exercise protocol that we applied ex vivo, i.e. a 15% active strain during maximal activation at 100 Hz. Therefore, increased susceptibility to eccentric contraction-induced injury or other biomechanical challenges should not be ruled out as a possible underlying cause for the muscle pathology observed in nemaline myopathy patients. Furthermore, it should be noted that the vulnerability of the NebDSH3 mouse to muscle injury was independent of age, consistent with the commonly accepted characterization of nemaline myopathy as a nonprogressive disorder (North et al., 1997) .
Comparison of force-frequency curves of NebDSH3 and WT muscle revealed a slight, but statistically significant depression in maximum isometric stress production at lower frequencies of 20-30 Hz in NebDSH3 muscle. This suggests a role of the nebulin SH3 domain in excitation-contraction coupling, either through slower Ca 2+ release or faster Ca 2+ uptake. Ablation of nebulin has previously been shown to result in a dramatic upregulation of sarcolipin, a sarcoplasmic reticulum Ca 2+ ATPase (SERCA) inhibitor (Gokhin et al., 2009; Ottenheijm et al., 2008; Witt et al., 2006) . However, no changes in sarcolipin mRNA levels were found in the gene expression analysis. Therefore, it remains unclear how the nebulin SH3 domain might affect excitationcontraction coupling.
Takano et al. recently demonstrated that N-WASP is present in the Z-line where it binds to the nebulin SH3 domain in a phosphorylation-dependent manner as GSK3b-mediated phosphorylation of the nebulin serine-rich region prevented the interaction (Takano et al., 2010) . Correspondingly, N-WASP was shown to be diffusely distributed in muscle from fasted mice, but mobilized to the Z-line within 30 minutes after IGF-1 stimulation, activating PI3K-Akt and consequently inhibiting GSK3b. In contrast, we did not detect any influence of the nebulin SH3 domain on the recruitment of N-WASP to the Z-line during muscle regeneration and found that the localization of N-WASP in the Z-line and its distribution between the cytosolic and cytoskeletal fraction was unaffected by the presence or absence of the nebulin SH3 domain, or whether or not the mice had been exposed to starvation or IGF-1 treatment. Furthermore, in contrast to myopalladin, which was associated mainly with the cytoskeletal fraction, N-WASP was predominantly present in the cytosolic fraction and only detected at very low levels in the cytoskeletal fraction, suggesting that N-WASP is only loosely connected to the Z-line. Thus, our data do not support a role of the nebulin SH3 domain in the targeting of N-WASP to the Zline. In line with this, we also did not find any reduction in fiber cross-sectional area or effect on muscle regeneration following cardiotoxin-induced injury in NebDSH3 muscle compared with WT muscle, consistent with the previously reported normal embryonic development of nebulin knockout mice (Bang et al., 2006; Witt et al., 2006) . Thus, the decreased muscle crosssectional area in response to knockdown of N-WASP is unlikely to be mediated through its interaction with nebulin, which could also explain why the effect on fiber size was independent of IGF-1. Instead, in a recent study of skeletal-muscle-specific knockout embryos for N-WASP, Gruenbaum-Cohen et al. demonstrated that N-WASP is required for myogenic cell fusion, essential for the formation of functional muscle fibers (Gruenbaum-Cohen et al., 2012) . Therefore, the reduced myoblast fiber size caused by N-WASP knockdown is likely to be related to its role in myoblast cell fusion.
We also tested the effect of the nebulin SH3 domain on the expression and localization of myopalladin, but found no difference in either localization or amount of myopalladin associated with the cytoskeletal fraction in the presence or absence of the nebulin SH3 domain. This is in contrast to the previously reported more diffuse Z-line localization of myopalladin in nebulin knockout mice compared to WT mice . However, our studies were performed on adult mice, whereas Witt et al. studied 10-to 15-day-old nebulin knockout mice, exhibiting severe growth deficit and muscle disorganization that may have secondarily affected the localization of myopalladin. The presence of myopalladin, palladin, zyxin and N-WASP in the Z-line in the absence of the nebulin SH3 domain might be ascribed to their binding to other Z-line proteins, such as a-actinin, which binds to myopalladin, palladin and zyxin (Bang et al., 2001; Crawford et al., 1992; Rönty et al., 2004) . By contrast, there are no other known binding partners of N-WASP in the Z-line. Therefore, N-WASP may either bind to an as yet unidentified Z-line protein or, in the absence of the nebulin SH3 domain, bind to a protein to which it does not normally bind in WT muscle as a compensatory effect. This, however, seems unlikely given the fact that neither nebulette nor LASP1 were upregulated in NebDSH3 skeletal muscle. Although the localization of all known interaction partners of the nebulin SH3 domain are localized in the Z-line independent from of the absence of the domain, it is possible that their missing connection to nebulin may cause weakness of the Zline and be responsible for the higher susceptibility of NebDSH3 mice to eccentric contraction-induced injury.
Based on the identification of nemaline myopathy patients with truncations in nebulin, resulting in deletion of its SH3 domain, it is surprising that the NebDSH3 mouse model exhibits only a relatively weak phenotype. One explanation could be that the patients in which nebulin truncations have been identified contain additional unidentified mutations in the nebulin gene or other nemaline-myopathy-causing genes. In the patient with a nonsense mutation resulting in loss of both the serine-rich region and the SH3 domain, it is possible that the absence of the serinerich region, and not the SH3 domain, is responsible for the development of the disease (Pelin et al., 1999 ). An alternative explanation could be the lower protein expression level of mutant nebulin in human patients due to a nonsense-mediated mRNA decay mechanism. Indeed, a reduction in nebulin expression was found in the patient specifically lacking the SH3 domain (GurgelGiannetti et al., 2002) . We generated the NebDSH3 mouse model by knocking in a nonsense codon in the last exon, thus avoiding nonsense-mediated mRNA decay and as demonstrated above truncated nebulin was expressed at the same level as WT nebulin. Finally, it is also possible that the consequence of nebulin SH3 domain deletion in mouse is not as detrimental as in human. This is, for example, the case for the well-characterized dystrophindeficient mdx mouse model of Duchenne muscular dystrophy, which, in contrast to human patients, do not exhibit progressive muscle wasting because of its compensatory upregulation of utrophin and robust capacity for muscle regeneration (Watchko et al., 2002) . Thorough sequence and quantitative protein analysis of the known NM-causing genes in the patient described by Gurgel-Giannetti et al. (Gurgel-Giannetti et al., 2002) or other patients who have been diagnosed negative for the nebulin SH3 epitope, would establish whether absence of the nebulin SH3 domain is indeed causative for nemaline myopathy in humans.
Materials and Methods
Expression and purification of proteins
Nebulin mouse cDNA residues 21699-21878 [GenBank accession number (acc.) NM_010889], encoding its C-terminal SH3 region, were cloned into the pETM-33 expression vector (Dümmler et al., 2005) for expression and purification of H6-GST-3C tag-fused protein using a nickel column (Bio-Rad). To generate polyclonal antibodies, mouse myopalladin residue 411-740 (acc. NM_182992) and mouse nebulin residue 21699-21878 were cloned into the pETM-14 expression vector for expression of H6-3C-tagged proteins. Polyclonal antibodies were generated and affinity purified by Eurogentec.
Protein pulldown experiments and LC-MS/MS analysis
Differentiated C2C12 cells were washed twice with ice-cold 16 PBS and lysed for 30 minutes on ice in lysis buffer containing 20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 0.5% NP40, protease inhibitor cocktail (Roche) and phosphatase inhibitors (0.1 mM Na 3 VO 4 , 10 mM NaF). After centrifugation at 20,000 rpm for 20 minutes at 4˚C, the supernatant was filtered through a 0.45 mm filter and the supernatant was pre-cleared by incubation with the H6-GST-3C tag on a nickel column for 2 hours at 4˚C. Equal amounts of the flow-through were incubated with equal amounts of H6-GST-3C-tagged nebulin SH3 domain and H6-GST-3C tag overnight at 4˚C, and were subsequently bound to nickel columns. Following washing with 10 column volumes of wash buffer (20 mM Tris-HCl, pH 7.5, 150 mM NaCl, 0.1 mM EDTA, 0.1% NP40, protease and phosphatase inhibitors), bound proteins were eluted with elution buffer (50 mM Na 2 PO 4 , 500 mM NaCl, 500 mM imidazol). After dialysis into 20 mM Tris-HCl, pH 7.4, 150 mM NaCl, 0.1 mM EDTA, 1 mM DTT, the H6-GST-3C tag was cleaved off by incubation with PreScission protease (1:200) overnight at 4˚C. To eliminate the cleaved tag, digested samples were incubated with Ni-beads and the flow-through containing the nebulin SH3 domain and its interaction partners was collected. The obtained samples were separated on a NuPAGE 4-12% gel (Novex, Invitrogen) and analyzed by LC-MS/MS as previously described (Lalle et al., 2012) , except that tandem mass spectra were matched against the NCBI database and identifications were made on the basis of at least two peptides. Proteins identified in both the H6-GST-3C-nebulin SH3 pulldown and the control pulldown using the H6-GST-3C tag alone were regarded as nonspecific. Functional protein annotation network analysis was performed on the list of identified proteins using STRING 9.05 software (http:// string-db.org/) (Jensen et al., 2009; Szklarczyk et al., 2011) To search for potential consensus sites for the nebulin SH3 domain in the identified proteins, the online program SH3 hunter (http://cbm.bio.uniroma2.it/SH3-Hunter/) was used (Ferraro et al., 2007) . Both the peptide filters 'default (class I, class II)' and 'PXXP' were used and for proteins with predicted binding to the nebulin SH3 domain, the prediction score was recorded (Table 1) . Interactions with proteins containing SH3 consensus sites were tested using the Matchmaker Gold yeast two-hybrid system (Clontech) following the manufacturer's protocol. Briefly, pGADT7-AD vector expressing the nebulin SH3 domain (residues 21699-21878; acc. NM_010889) were co-transfected into the Y2Hgold yeast strain together with pGBKT7 vectors containing full-length coding regions of junction plakoglobin (acc. NM_010593), desmin (acc. NM_010043) and CRIP2 (acc NM_024223) as well as mouse gelsolin residue 85-1704 (acc. NM_146120), desmoplakin residue 1139-2709 (acc. NM_023842) and desmoyokin/AHNAK residues 10020-10404 and 16080-17228 (acc. NM_009643).
Generation of nebulin SH3-deleted mice
Nebulin genomic DNA was isolated from a 129/SvJ mouse genomic DNA library (Stratagene) and used to generate a nebulin-targeting construct in which nebulin residue I7097 (acc. NM_010889) was replaced by an frt-neo-frt cassette and stop codons in all reading frames as illustrated in Fig. 3A . The targeting construct was verified by sequencing and linearized with NotI before electroporation into 129/ SvJ-derived embryonic stem (ES) cells at the Transgenic Core Facility at the University of California San Diego (UCSD). 1000 G418-resistant ES clones were screened for homologous recombination by Southern blot analysis of BamHIdigested ES cell DNA using a 419 bp probe generated by PCR on mouse genomic DNA with nebulin-specific primers (forward, 59-CCTGGGAGCAACCTG-AGAATCTCC-39; reverse, 59-TAGCACCCAGCAACTCTACTTGGAGT-39). Two homologous recombinant ES cell clones were identified and microinjected into C57BL/B6 blastocysts. Resulting male chimeras were bred with female Black Swiss mice to generate germline-transmitted heterozygous mice, which were identified by PCR analysis using mouse tail DNA and gene-specific primers (sense: 59-GTGGTAGCTGCACACTGTTCTTTGTAAC-39; reverse: 59-GCACA-GTGCCATACATCCAGCCTTC-39). The heterozygous mutant mice were crossed with FLPase deleter mice to remove the neo gene and subsequently mated to generate homozygous mutant mice (designated as NebDSH3). To confirm that the gene targeting was successful, the genotyping primers were used for RT-PCR analysis on total RNA from TA muscle of NebDSH3 mice using Trizol reagent and the SuperScript III One step RT-PCR system (Invitrogen), giving rise to a 221 bp band from the WT allele and a 255 bp band from the mutant allele. The presence of stop codons in all three reading frames was confirmed by sequencing. Furthermore, western blot analysis using the novel antibody against the nebulin SH3 domain (1:500) confirmed the absence of the nebulin SH3 domain. Additional western blot analyses were performed using antibodies against nebulin M160-164, nebulin M161-165 and nebulette N-terminus (all 1:200; kindly provided by Dr Siegfried Labeit, Universitätsklinikum Mannheim, Germany). Antibodies against a-actinin (1:1000; Sigma Aldrich no. A7811) and a-tubulin (1:3000; Abcam no. 18251) were used as loading controls. All animal procedures were in full compliance with the guidelines approved by the UCSD Animal Care and Use Committee and the Italian Ministry of Health.
Mouse procedures
To study muscle regeneration following degeneration, 80 ml of 10 mM cardiotoxin (Sigma-Aldrich) was injected into the TA muscle of one leg and PBS was injected into the contralateral leg. Tissue was collected 4, 7, 14 and 21 days after injection. To study the effect of fasting and IGF-1 stimulation, mice were fasted for 48 hours, after which they were injected with IGF-1 (0.1 mg/g body weight) through the tail vein.
Histology, immunohistochemistry and transmission electron microscopy 10 mm transverse cryosections of mouse hind limb muscles (TA, EDL, soleus) were subjected to Hematoxylin and Eosin and Picro Sirius Red staining and fiber cross sectional area was measured by laminin immunohistochemistry and image analysis as previously described (Minamoto et al., 2007) . For confocal microscopy, longitudinal cryosections of stretched TA muscle were stained as previously described (Zhang et al., 2008) . The following primary antibodies were used: N-WASP [1:100 (Takano et al., 2010) ] myopalladin (1:100; newly generated), palladin [no. 622 1:200, kindly provided by Prof. Carol Otey (Goicoechea et al., 2010) ], zyxin (1:50, Transduction lab no. Z45420), a-actinin (1:500; Sigma-Aldrich no. A7811) and desmin (1:80; Abcam no. ab8592). Alexa-Fluor-488-conjugated or Alexa-Fluor-568-conjugated IgG secondary antibodies (Invitrogen) were diluted at 1:2000. Confocal microscopy was performed using a Nikon A1R confocal microscope with a Plan Apochromat 606 1.4 NA objective (Nikon Instruments). For TEM, diaphragm and stretched EDL muscle were fixed in 3% glutaraldehyde in Ringer's solution and subsequently stained for 1 hour in 1% osmium tetroxide, dehydrated in a series of acetone washes, and embedded in Araldite epoxy resin (Agar Scientific) as previously described (Vydyanath et al., 2012) . Ultrathin sections (90-100 nm) were cut with a Reichert Ultracut E ultramicrotome and subsequently stained with uranyl acetate and lead citrate. The sections were imaged with a JEOL 1200EX electron microscope operated at 100 kV.
SDS-PAGE and western blot analysis on the Triton-insoluble cytoskeletal fraction
Fiber type distribution in TA, EDL and soleus muscle was determined by measuring myosin heavy chain isoform levels as previously described (Barash et al., 2007) . Subcellular fractionation was performed essentially as previously described (Dimauro et al., 2012) with the modification that the Triton-insoluble cytoskeletal fraction was obtained as the pellet after resuspension in NET buffer (20 mM HEPES pH 7.9, 1.5 mM MgCl 2 , 0.5 M NaCl, 0.2 mM EDTA, 20% glycerol, 1% Triton X-100, protease and protease inhibitors). The cytoskeletal fraction was resuspended and sonicated in RIPA buffer with 1% SDS (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1% SDS, 1% Triton X-100, protease and protease inhibitors). Western blot analysis was performed using antibodies against myopalladin (1:1000), N-WASP [1:500 (Takano et al., 2010) ], GAPDH (1:2500; Cell Signaling Technology no. 14C10), and b-actin (1:1000; Santa Cruz no. Sc-1615).
Gene expression microarray analysis
Gene expression microarray analysis was performed in triplicate on RNA extracted from TA muscle of 2-month-old NebDSH3 mice using MouseWG-6 v2.0 Expression BeadChips from Illumina and an Illumina iScan system as described by the manufacturer. Raw data were background subtracted and normalized using the quantile normalization method (Lumi software package) (Du et al., 2008) and subsequently analyzed with GeneSifter (Geospiza) using P,0.05 and the Benjamini and Hochberg correction. Raw and normalized data are available in Gene Expression Omnibus (GEO; acc. GSE47801).
Biomechanical testing of muscle
Biomechanical testing was performed on the fifth toe EDL muscle essentially as previously described (Zhang et al., 2008) . Briefly, passive mechanical properties were measured three times at 2 minute intervals by imposing a 15% fiber length (L f ) stretch at a rate of 0.7 L f /second, and maximum isometric tension was measured three times at 2 minute intervals by applying a 400 msecond train of 0.3 msecond pulses delivered at 100 Hz while maintaining constant muscle length. Muscles underwent a series of 10 eccentric contractions at 2 minute intervals. For each contraction, the muscle was first maximally activated isometrically until tension stabilized (,200 msecond) and then stretched by 15% L f at a rate of 2 L f /second. To generate force-frequency curves, muscles underwent successive 400 msecond trains of 0.3 msecond pulses at 5, 10, 20, 30, 40, 50, 60, 80 and 100 Hz, spaced 2 minutes apart. Isometric stresses were normalized to the maximum isometric stress measured at 100 Hz. Logistic regression was applied to the force-frequency data to compute the stimulation frequencies corresponding to 25%, 50% and 75% of maximum isometric stress production. Young's moduli of single fibers from TA and soleus muscles were measured as previously described (Zhang et al., 2008) .
Statistical analysis
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